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Summary 
Phenytoin crystal growth kinetics have been measured as a function of pH, supersaturation and temperature in phosphate 
buffer. Incorporation of growth units into the crystal lattice was not influenced by diffusion from the bulk to the solid surface. 
Thus, the rate limiting step for phenytoin growth is surface integration. Phenytoin crystal growth is via a screw-dislocation 
mechanism; this mechanism explains the observed dependence of growth rate on supersaturation and the increase in growth rate 
with pH. 
Introduction 
An understanding of crystallization mecha- 
nisms is necessary for the prediction of solids 
properties which influence the dissolution rate 
and bioavailability of oral dosage forms such as 
particle size, size distribution and morphology. In 
addition, formulation of non-precipitating dosage 
forms requires an understanding of the condi- 
tions under which crystals will form so that limit- 
ing conditions for non-precipitating systems can 
be evaluated. 
Many systems of pharmaceutical importance 
contain weak acids or weak bases. Since the solu- 
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bility of these compounds is dependent on pH, in 
vitro and in vivo crystallization of the free acid or 
base can occur as a result of a pH change. In 
vivo, precipitation follows either dissolution of a 
solid phase or dilution of a solution of the salt of 
a weak acid or base. Precipitation via a pH change 
is also commonly used in industrial crystalliza- 
tion. 
Previous investigations have highlighted this 
phenomenon. Serajuddin (1990) studied the dis- 
solution of the sodium salt of phenytoin (NaDPH) 
and observed crystallization of the acid (DPH) in 
the pH range of l-8. Higuchi et al. (1965) ob- 
served a similar behavior during the dissolution 
of sodium tolazamide. Newton and Kluza (1980) 
and Salem et al. (1980) have reported crystalliza- 
tion of DPH as a result of dilution of a solution 
of NaDPH. Even though the more soluble salts 
are often the choice in a formulation, crystalliza- 
tion of the unionized species may be a controlling 
factor in drug delivery. 
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The purpose of the work presented here was 
to study the mechanism and kinetics of DPH 
crystal growth as a function of supersaturation, 
pH and temperature. 
Background 
Phenytoin (Mol. Wt 252.3) is a weak acid whose 
structure is shown in Fig. 1. The sodium salt is 
highly dissociated in water and the anion can 
react to form the undissociated acid according to 
the following equilibria: 
Na+(DPH)- s Na++ (DPH)- 
(DPH) - + H,O+ = DPH+H,O 
(1) 
(2) 
The total phenytoin solubility, S, can be ex- 
pressed as a function of the hydrogen ion concen- 
tration, [H+], the solubility of the unionized form, 
S,, and the dissociation constant for DPH, K,: 
S = S, + (DPH) - = S, + K,S,/[H+] 
This can be transformed into the more com- 
mon pH and pK, notation as: 
log( S/S, - 1) = pH - pK, (4) 
Schwartz et al. (1973) measured the solubility 




Fig. 1. Phenytoin solubility as a function of pH at 25°C (after 
Schwartz et al., 1977): (0) measured solubility, (- ) cal- 
culated solubility. 
strength of 0.16 and reported the apparent disso- 
ciation constant, pK,, to be 8.06 and the solubil- 
ity of the unionized form to be 18.4 pg/ml. The 
solubility of phenytoin can be calculated as a 
function of pH from Eqn 4 and is shown in Fig. 1. 
Theoretical aspects of crystal growth from solution 
The growth of crystals from solution involves a 
series of steps by which a growth unit passes from 
the bulk solution to the crystal lattice. They in- 
clude: transport of growth units from the bulk 
solution to the crystal surface, adsorption of 
growth units onto the solid surface, possible dif- 
fusion of the growth units from the point of 
adsorption to a favorable incorporation site and 
integration into the crystal lattice. The rate of 
growth is limited by the slowest of these pro- 
cesses. 
There are several possible sites for incorpora- 
tion into the crystal lattice. Interaction between a 
growth unit and the crystal lattice is greatest at a 
kink site, where bonds are formed in three direc- 
tions. Bonds are formed in two directions at step 
sites and in only one direction at ledge sites. 
Thus, incorporation into the lattice occurs pre- 
dominately at kink sites. 
The growth unit can be an ion, a single 
molecule or two or more molecules interacting in 
solution. During the growth process, solvent 
growth-unit interactions in solution are replaced 
by solid-solid bonds in the crystal lattice. Adsorp- 
tion onto the crystal surface results in a partial 
desolvation of the growth unit. Incorporation into 
a kink site then completely replaces the kink- 
solvent interaction with solid-solid interaction. 
The driving force for crystallization, the super- 
saturation, is the difference in chemical potential 
of the substance, i, in solution, pi, and in a 
solution at equilibrium with the solid phase, pi,eq 
(i.e., a saturated solution): 
Api = pi - CLi,eq (5) 
Writing the chemical potential as: 
yi=poi+RT In ai=poi+RT In Yici (6) 
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where P“~ is the chemical potential of i in the 
standard state, and the activity of i in solution, 
a,, is the product of the activity coefficient, -yi, 
and the concentration of i, Ci, Eqn 5 becomes: 
APi/RT = 14 aJai,eq > = ln( YiCi/Yi,eqCi,eq) (7) 
If the activity coefficient is not a strong func- 
tion of concentration, the ratio y/~~,,~ is close to 
unity and the supersaturation, (+, becomes 
u = Ap/RT z In{ Ci/Ci,eq) (8) 
Crystal growth mechanisms 
The rate-limiting step for crystal growth is 
frequently assigned to two general categories: dif- 
fusion control, and surface integration control. If 
diffusion of growth units from the bulk solution 
to the crystal surface is slow compared to integra- 
tion into the lattice, growth is diffusion con- 
trolled. Otherwise, if diffusion is fast compared to 
integration, the solute concentration at the crys- 
tal surface is equal to the bulk concentration and 
growth is controlled by surface integration. Both 
of these categories are discussed in further detail 
below. 
The mechanism of crystal growth can be deter- 
mined by analyzing the predicted growth rate 
dependence on crystallization conditions and 
comparison of the predictions with measured ki- 
netic data. 
Diffusion control 
In the case of diffusion control, crystal growth 
is limited by the rate of transport of growth units 
across a boundary layer to the crystal surface. 
The crystallization rate would follow Fick’s law of 
diffusion (Ohara and Reid, 1973) and the growth 
rate, G, is proportional to the driving force: 
G =A,a (9) 
In this case the rate constant, A,, depends upon 
the diffusion boundary layer thickness, S, sur- 
rounding the crystal and the diffusion rate of the 
growth units. 
Surface integration control 
A large body of theoretical work has been 
devoted toward the development of models that 
describe the formation and propagation of kink 
sites on the crystal surface. If the surface is very 
rough and covered with kinks, every encounter of 
a growth unit with the solid is likely to be at a site 
favorable for incorporation. This type of growth 
usually occurs at high temperatures and is said to 
be due to a rough surface mechanism. Growth 
rate becomes a linear function of the driving 
force, u (Weeks and Gilmer, 19791, as: 
G =A,a (10) 
Crystal growth occurring by this mechanism tends 
to result in rounded, non-facetted crystals. 
At lower temperatures, crystal growth occurs 
by a layer mechanism; growth units are integrated 
at kink sites on a flat crystal surface. Two mecha- 
nisms have been proposed as the source of kink 
sites, as described below. 
Two-dimensional nucleation where nuclei form on 
the crystal and spread across the flat sugace 
This process is somewhat analogous to ho- 
mogenous nucleation. Clusters of growth units 
continually form and dissolve on the crystal sur- 
face. When the radius of a cluster exceeds a 
critical value, r *, the excess free energy of the 
cluster is at a maximum, AG*, and the nucleus 
can grow. As with homogeneous nucleation, the 
rate of clusters attaining the critical size is strongly 
dependent upon supersaturation, being essen- 
tially zero at low supersaturation and rapidly 
increasing to a constant value at higher supersat- 
uration. 
There are two main models describing two-di- 
mensional nucleation: mononuclear models, 
where only one nuclei can form on a given crystal 
face, and birth and spread or polynuclear models, 
where more than one nuclei can form on a face 
and where nuclei can form on top of other grow- 
ing nuclei. 
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Numerous equations have been derived to de- 
scribe the dependence of growth rate on super- 
saturation for the two-dimensional nucleation 
mechanism. The one used here was developed by 
Gilmer and Bennema (1972) for the birth and 
spread model and is: 
G = B,( Ap/RT)5/6. (&‘W*/kT) 
(lla) 
where: Ap/RT is the driving force, T denotes 
temperature, R is the gas constant and k the 
Boltzmann constant. 
In Eqn lla, the term AG*/kT can be ex- 
pressed in terms of the driving force, Ap/RT, as: 
AG*/kT = D( y '/kT)'/( Ap/RT) (12) 
where y’ is the edge free energy per growth unit 
at the edge of a critical nucleus and D is equal to 
r for circular clusters and 4 for square clusters. 
Spiral growth, where kink sites are continually 
formed by the attachment of growth units to a 
screw dislocation 
This mechanism was developed by Burton, 
Cabrera and Frank (1951) to explain experimen- 
tally observed crystal growth rates at low super- 
saturation; where the two-dimensional nucleation 
growth mechanism had predicted no growth. A 
self propagating spiral provides the necessary kink 
sites for growth unit incorporation and the BCF 
theory elegantly describes the observed growth 
kinetics. 
Growth spirals are a result of dislocations in 
the crystal structure. The dislocations produce 
steps at the crystal surface and attachment of 
growth units to the steps produces a self-sustain- 
ing spiral. 
Growth spirals have been observed in a variety 
of systems. In fact, because most crystals are 
imperfect and have dislocations, the spiral growth 
mechanism is expected to be the dominant mech- 
anism at low supersaturation (Bennema and Van 
der Eerden, 1987). 
The classical expression for spiral growth is: 
G = C,Ap/RT * ( eACL/RT - 1) 
tanh(C,/(&/RT)) (13) 
Eqn 13 can be simplified in the moderately low 
supersaturation region where the term C,/ 
(Ap/RT) is small (Ohara and Reid, 1972) as: 
G = C, * Ap/RT * ( eAFIRT - 1) ( 14a) 
The value of the constant C, in Eqn 14a is 
proportional to e-AGd~l~/RT, where AGdesolv is 
the molar activation-free energy of desolvation of 
a growth unit (Bennema and Gilmer, 1973). 
If diffusion resistance from the bulk to the 
crystal surface is negligible, then the three re- 
maining crystal growth mechanisms each domi- 
nate in a particular supersaturation region. At 
low supersaturation growth will be by a screw 
dislocation mechanism. At intermediate supersat- 
uration spiral growth and birth and spread mech- 
anisms may both be present. However, at some- 
what higher supersaturation the two-dimensional 
nucleation mechanism will prevail. At very high 
supersaturation, the radius of a critical nucleus 
becomes close to the diameter of a growth unit 
and a rough surface growth mechanism will re- 
sult. 
Materials and Methods 
Materials 
Phenytoin free acid, 5,5diphenylhydantoin 
(Sigma lot no. 12F-0177) was used as provided by 
the manufacturer for all experimental work. All 
other chemicals used for the preparation of solu- 
tions were of reagent grade. The water used in 
this study was filtered through a double-de- 
ionized purification system (Milli Q Water Sys- 
tem from Millipore Co.). Phosphate buffer at pH 
2.2 was prepared by either mixing equal volumes 
of 0.10 M NaH,PO, and 0.10 M H,PO, and 
adjusting the ionic strength to 0.15 with NaCl, or 
by addition of 0.10 M NaOH to 0.10 M H,PO, 
until reaching pH 2.2 and adjusting the ionic 
strength to 0.15 with NaCl. No change in results 
was observed between these buffer solutions. The 
remaining phosphate buffers (pH 7.4, 8.0 and 8.3) 
were made at ionic strength 0.15 following Soren- 
son’s buffer system. All buffer solutions were 
filtered with a 0.45 pm membrane filter prior to 
use. 
Assay and identification 
Phenytoin free acid was identified as the sole 
crystallization product by confirmation of the 
melting point at 296°C with a DuPont 10990 
thermal analyzer. Phenytoin concentration in so- 
lution was measured by UV spectrophotometry 
with a Beckman DU-8 spectrophotometer at 258 
nm. 
Crystallization procedure 
Crystallization experiments were conducted at 
constant temperature in a contoured-bottom 
jacketed glass vessel. Phenytoin crystal growth 
rate was measured as a function of supersatura- 
tion at 25°C in pH 2.2, 7.4, 8.0 and 8.3 phosphate 
buffer and at 45°C in pH 2.2, 7.4 and 8.0 phos- 
phate buffer. Agitation was provided by a pro- 
peller-type glass impeller at 400 and 1600 rpm. 
Temperature control was maintained at 25 or 
45°C with the use of an external water bath. 
The crystallization vessel was located directly 
within the sample stand of a Coulter Counter 
Multisizer particle analyzer and crystal size distri- 
bution (CSD) measured in situ with a 140 pm 
diameter orifice. 
In an experiment, a known amount of buffer 
(100-150 ml) was placed in the crystallizer and 
the agitation rate and temperature of the buffer 
adjusted to the desired levels. Production of 
phenytoin seed crystals and creation of a super- 
saturated solution for their growth was accom- 
plished by addition of a small amount of a highly 
concentrated phenytoin solution to the crystal- 
lizer. The phenytoin solution contained 6-12 
mg/g phenytoin (free acid) dissolved in 0.10 M 
NaOH. The small amount of solution added 
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not sufficient to change either the pH or the ionic 
strength of the buffer. Phenytoin crystals nucle- 
ated immediately upon contact between the 
phenytoin, solution and the buffer. However, the 
extent of nucleation was not sufficient to deplete 
the excess phenytoin from solution and the seed 
crystals then grew from the residual supersatura- 
tion. The crystal size distribution and solution 
concentration were then monitored throughout 
the experiment. 
Growth rate analysis 
Phenytoin crystal growth rate, G, was evalu- 
ated from the increase in size, AL, of the cumu- 
lative number distribution, F, with time, At 
(Misra and White, 1973) as: 
G = (dL/dt),= (AL/At), (15) 
If crystal growth rate is not size dependent, or if 
there is no dispersion of growth rates, successive 
cumulative number profiles will be parallel and 
crystal growth rate can be equivalently evaluated 
at any value of cumulative number, F. The growth 
rate was evaluated at several F values to provide 
an average change between measured distribu- 
tions and to verify that crystal growth rate was 
not size dependent. 
Results and Discussion 
Batch crystallization results and growth mechanism 
evaluation 
The nucleation of phenytoin crystals upon con- 
tact of the high concentration phenytoin solution 
Fig. 2. Differential plots of phenytoin crystal size distribution measured in a batch crystallization experiment. 
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10 20 
Crystal Size, pm 
Fig. 3. Cumulative number representation of the CSDs pre- 
sented in Fig. 2. 
with the buffer in the crystallizer produced a 
narrow size distribution of crystals with no addi- 
tional nucleation after mixing. A sample of CSDs 
measured during an experiment is shown in Fig. 
2. Each subplot of Fig. 2 is a differential plot of 
the number of counts accumulated in each chan- 
nel of the Coulter Counter Multisizer from a 1 ml 
sample. The average value of the size interval for 
each channel has been used for the x-axis. The 
same crystal distributions are displayed as cumu- 
lative number profiles in Fig. 3. The change in 
phenytoin concentration measured during the ex- 
periment is shown in Fig. 4. 
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Fig. 4. Phenytoin concentration profile measured during a 
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Fig. 5. Analysis of cumulative number profiles used to evalu- 
ate phenytoin growth rate. 
An example of growth rate analysis is shown in 
Fig. 5. Phenytoin growth rate was evaluated at a 
cumulative number value of F = 380 ml- ’ from 
the CSD measurements at 7.0, 8.42 and 10.23 
min. The sizes corresponding to the cumulative 
number profile at 380 ml-’ for these three sam- 
ples are 12.78, 15.06 and 17.64 pm. Thus, the 
average growth rate between 7.0 and 8.42 min is 
1.61 pm/min and between 8.42 and 10.23 min, 
1.42 pm/min. Note that during the time intervals 
there was only a slight change in phenytoin con- 
centration. 
Phenytoin growth rate was evaluated using the 
above procedure at eight cumulative number val- 
ues from 20 to 600 ml-’ and is shown as a 
function of cumulative number in Fig. 6. There is 
some scatter in the calculated growth rates at low 
values of F but this is to be expected as the 
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Fig. 6. Phenytoin crystal growth rate vs cumulative number 
value. 
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small. At intermediate and high values of F the growth mechanism to a combination of screw 
growth rate is independent of size and a repre- dislocation and two-dimensional nucleation 
sentative numerical average is obtained. growth mechanisms. 
Phenytoin crystal growth mechanism 
The mechanism controlling addition of pheny- 
toin growth units to the crystal lattice may be 
elucidated by comparison of the measured growth 
kinetics with the four models described previ- 
ously. 
In Fig. 7a, phenytoin growth rate measured in 
pH 2.2 phosphate buffer at 25 and 45°C is plotted 
vs supersaturation. There is a strong dependence 
of growth rate on supersaturation and clearly the 
two models that predict a linear dependence of 
growth rate on supersaturation (rough surface 
and diffusion control) do not apply. A rough 
surface growth mechanism is also contradicted by 
the appearance of the phenytoin crystals, which 
are faceted without rounding of any edges. Diffu- 
sion resistance to growth is negligible since no 
change in measured growth kinetics was observed 
when the agitation rate was increased from 400 to 
1600 rpm. Similar observations were also made of 
phenytoin growth kinetics measured at both tem- 
peratures in pH 7.4, 8.0 and 8.3 phosphate buffer 
(Fig. 7b and c). 
An indication of which of the two remaining 
mechanisms best describes phenytoin growth can 
be obtained by comparison of the expected growth 
dependence on supersaturation with that found 
from experimental measurements. In the case of 
a screw dislocation mechanism, Eqn 14a can be 
written in terms of the supersaturation as: 
G=C,-a.(e”- 1) ( I4b) 
and a plot of measured phenytoin growth rates, 
G, vs u * (eU - 1) would be linear if the screw 
dislocation mechanism is present. 
Indeed, the spiral growth model describes 
phenytoin growth kinetics well as shown by the 
linear relationships found in Fig. 8a (pH 2.2), b 
(pH 7.4) and c (pH 8.0 and 8.3). Note that there 
is some deviation from linearity at high values of 
u.(eW-- 1) in Fig. 8c. This may indicate the be- 
ginning of a transition from a screw dislocation 
A linear regression of the data presented in 
Fig. 8a-c was used to obtain the values of slope 
and intercept presented in Table 1. According to 
Eqn 14b, the intercept of a plot of G vs cr. (eU - 
1) should be zero. This was the case for all results 
at 45°C. However, from the 25°C results the inter- 
cept is found to be significantly (p 5 0.05) differ- 
ent from zero. This is most probably an artifact of 
growth rate measurement and does not indicate a 
lack of fit of the model as the predicted depen- 
dence of growth rate on supersaturation agrees 
well with the observed results. The two-parame- 
ter model for spiral growth (Eqn 13) does not 
provide a significantly better description of our 
data. The estimated value of C, is approx. 10. 
Thus, the fourth term in Eqn 13, tanh(C,/(Ap/ 
RT)), is approximately unity and can be ne- 
glected. 
An estimate of the desolvation energy for 
phenytoin crystal growth can be made from the 
temperature dependence of the constant C,. Since 
C, is proportional to AG,,,,,,/RT, an Arrhenius 
plot of In C, vs l/T would have a slope of 
-AGdeso,JR. The estimates of AGdesOIV/R (Table 
1) are much higher than would be expected if 
diffusion was the rate-limiting step of phenytoin 
crystal growth and confirm a surface-controlled 
process. 
The birth and spread model (Eqn lla) can be 
expressed as: 
G = B,. g5/6. (e-Bz/u) (lib) 
where B, = D/3 . (r’/kT>‘. If phenytoin growth 
is via a two-dimensional nucleation mechanism a 
plot of (In G - 5/6 In a) vs l/a should yield a 
linear relationship with slope equal to -B, and 
intercept equal to In B,. There is evidence of a 
linear relationship at high supersaturation values 
(low l/a values) in Fig. 9a-c. However, there is 
deviation from linearity at low supersaturation 
values (high l/o> at all pH values and tempera- 
tures except at pH 8.0, 45°C where the scatter in 
the data is large. 







Fig. 7. Phenytoin crystal growth rate as a function of supersat- 
uration and temperature: foI25”C, (0) 45°C; (a) pH 2.2; (b) 
PH 7.4; (c> (0) pH 8.0 and (01 pH 8.3 at 25°C; (0) pH 8.0 at 
45°C. The curves were constructed according to Eqn 16 from 
the parameters presented in Table 3. 
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Fig. 8. Test of the screw-dislocation model (Eqn 14b) for 
phenytoin crystal growth: (0) 25”C, (0) 45°C; (a) pH 2.2; (b) 
pH 7.4; (c) (0) pH 8.0 and (01 pH 8.3 at 25”C, (0) pH 8.0 at 
45°C. 
TABLE 1 
Calculated values of slope and intercept for the spiral growth 
mechanism (Eqn 146) 
PH Temperature Intercept C, “Gdesolv 
(“0 (kJ/mol) 
2.2 25 -0.10 0.23 52 
45 -0.14 a 0.85 
7.4 25 - 0.52 0.54 58 
45 - 0.78 a 2.38 
8.0 25 0.097 b 0.79 b 57 
45 -0.10 a 3.30 
a Intercept not significantly different from 0.0 (p 5 0.05). 
’ For(T_<1.4(u.(e”-1)14). 
linear regression of the kinetic data, the value of 
r’/kT (found from B, with D/3 = 3.6) and an 
estimate of the desolvation energy, AGdesolv 
(found from the temperature dependence of B,) 
are presented in Table 2. 
We can test the two-dimensional nucleation 
model further by comparing an estimate of y’/kT 
of l.O-5.lkT (from Bennema and Sohnel, 1990) 
with the y’/kT values calculated from the two- 
dimensional nucleation model. The y’/kT values 
in Table 2 fall slightly below and within the low 
end of the range of the estimates. The calculated 
edge free energy would increase slightly if the 
maximum value of l/a used in the linear regres- 
sion was reduced. However, given the uncertainty 
in the method used to estimate the value of 
y’/kT, this is not necessary as the calculated and 
estimated values are reasonably close. 
Frequently, crystal growth data is represented 
by a power law relationship as: 
G = kgua (16) 
where k, is the growth rate constant and a the 
supersaturation exponent. The values of k, and 
a were computed by a non-linear regression of G 
vs (+ and are presented with their standard devia- 
tions in Table 3. These parameters were then 
used to construct the curves in Fig. 7a-c. While 
Eqn 16 is strictly an empirical relationship, the 
value of the supersaturation exponent, a = 2, has 
been assumed to indicate a screw dislocation 
mechanism and a value a 2 2 to indicate a two- 
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Fig. 9. Test of the two-dimensional nucleation model (Eqn 
llb) for phenytoin crystal growth: (0) 25”C, ( 8 ) 45°C; (a) pH 
2.2; (b) pH 7.4; (c) (0) pH 8.0 and (01 pH 8.3 at 25”C, (8) 
pH 8.0 at 45°C. 
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TABLE 2 
Calculated values of intercept and slope for the two-dimensional 
growth mechanism (Eqn Ilb) 
PH Temperature BZ In B, y ‘/ kT A%,,,, 
(“0 (kJ/mol) 
2.2 25 2.61 1.47 1.5 
45 1.26 1.57 1.0 
25 a 3.30 1.93 1.7 20 
45 b 2.19 2.45 1.4 
1.4 25 3.07 2.46 1.6 
45 1.40 2.54 1.1 
25 ’ 4.0 3.16 1.8 41 
45 d 3.0 4.2 1.6 
8.0 25 0.99 1.38 0.91 
25 e 1.25 1.62 0.86 32 
45 0.89 2.43 0.86 
a l/u 5 1.25; b l/a < 1.5; c l/a 51.0; d l/u 51.5; e l/a 
I 2.0. 
dimensional nucleation mechanism. The only re- 
sults with a supersaturation exponent close to the 
expected value of two (for the spiral growth 
model) are those from pH 8.0 and 8.3 solutions. 
Yet, under these conditions, a reasonable fit with 
the two-dimensional nucleation model was found. 
This illustrates some of the difficulties encoun- 
tered when attempting to elucidate crystal growth 
mechanisms from kinetic data. Numerous expres- 
sions can be found for surface controlled growth 
mechanisms and all may describe the kinetic data 
with varying degrees of accuracy. 
Solubility considerations in phenytoin growth kinet- 
ics and mechanism 
At constant temperature, and in the pH range 
of 2.2-8.0, phenytoin growth rate increases with 
TABLE 3 
Calculated values of k,, a and their standard deviations for the 
power law model (Eqn 16) 
PH Temperature k, SD a SD 
(“C) &m/min) 
2.2 25 0.29 0.02 3.2 0.2 
45 1.3 0.05 3.1 0.2 
7.4 25 0.45 0.05 4.0 0.3 
45 3.2 0.14 3.5 0.4 
8.0 25 1.5 0.09 1.7 0.2 
45 5.6 0.20 2.5 0.2 
TABLE 4 
Calculated values of the a-factor for 25°C phenytoin solutions 
PH Cs % In x, AH, UC 
(t.WmO ionized &J/mol) 
2.2 18.4 0 -9.5 19.6 = 10 
5.4 18.4 0 -9.5 31.3 b 6 
7.4 22.4 18 -9.3 33.6 b 7 
7.4 22.4 18 -9.3 19.4 a 10 
8.0 34.4 47 - 8.0 19.0 a 10 
8.3 50.4 64 - 8.5 18.6 = 9 
a From Eqn 18, AH,,iOn = 47.5 kJ/mol, T,,,,, = 294°C. 
b From Schwartz et al. (1977). 
’ n, /n, = 0.5. 
increasing pH. For example, at 25°C and super- 
saturation of 1, the growth rate constant, k,, is 
0.29 at pH 2.2, 0.45 at pH 7.4 and 1.5 at pH 8.0. 
However, no further increase in growth rate was 
observed when the pH was increased from 8.0 to 
8.3. (The pH 8.3 results are not significantly dif- 
ferent from the pH 8.0 results and both were 
grouped together as pH 8.0 for analysis of model 
constants.) 
The increase in growth rate with pH is proba- 
bly due to the increase in phenytoin solubility 
with pH (solubility values are presented in Table 
4). In the spiral growth model the constant, C, 
(Eqn 14b), includes N,, a solubility parameter. 
Thus, at constant supersaturation and tempera- 
ture, an increase in solubility (i.e., pH) would 
result in a corresponding increase in growth rate 
(Boistelle and Astier, 1988). 
The mechanism of phenytoin crystal growth 
can be predicted from solubility considerations. 
Solubility affects crystal growth by changing the 
roughness of the solid-fluid interface. The con- 
cept of surface roughening was originally formu- 
lated by Jackson (1958) to describe solid-liquid 
interactions during crystal growth from the melt. 
Jackson’s a-factor is a measure of the roughness 
of the growing crystal surface and thus, an indica- 
tion of the crystal growth mechanism. Jackson’s 
work was extended to crystal growth in solution 
by Bennema and Gilmer (1973). They showed 
that the a-factor can be written as: 
(17) 
where IZ, is the number of bonds formed with a 
growth unit in the growth plane, n, denotes the 
total number of bonds in the bulk crystal and 
AH,,,,tion is the heat of solution. If the heat of 
solution is not known, it can be estimated from 
the heat of fusion, AHfusion, the melting tempera- 
ture, ‘fusion, and the solubility, X, (mole fraction), 
as: 
AH sohhJRT = ( A Hfusion/RTfusion) - In xs * 
(18) 
The three growth mechanisms of interest here: 
rough surface, two-dimensional nucleation and 
spiral growth are predicted by the magnitude of 
the a-factor. A low value (a 5 3.2) corresponds 
to a rough surface where growth is continuous, an 
intermediate value (3.2 5 (Y 6 4.0) indicates a 
smoother interface with crystal growth dominated 
by two-dimensional nucleation mechanisms, and 
a high value ((Y 2 4.0) indicates a very smooth 
interface where growth is due to screw disloca- 
tions in the crystal. 
The a-factor was calculated for phenytoin 
crystal growth from the thermodynamic and solu- 
bility data provided by Schwartz et al. (1977) and 
the results are presented in Table 4. The high 
a-factor values indicate that phenytoin crystals 
may grow by a spiral growth mechanism. 
Other effects on phenytoin crystal growth 
Solvent effects 
Phenytoin crystallization kinetics may also be 
influenced by solvent effects. The degree of ion- 
ization of the phenytoin molecules and the con- 
centration of the phosphate species H,PO,, 
H,PO, and HPOi-, changes with pH as illus- 
trated in Fig. 10. At pH 2.2, the phosphate species 
H,PO, and H ,PO, are present in equal propor- 
tions and phenytoin is completely unionized. At 
pH 8.0, the phosphate species present are H,PO; 
and HPOi- (14%/86%) and phenytoin is nearly 
50% ionized. Interaction between the buffer and 
the growing crystal is not necessarily the same for 
all species (Boistelle and Astier, 1988) and this 
may affect growth kinetics. 
1 2 3 4 5 6 ‘7 6 9 10 11 12 13 14 
PH 
Fig. 10. Concentration of phenytoin and phosphate buffer 
species as a function of pH (0.1 M buffer concentration and 
0.003 M phenytoin concentration). 
Self-association 
Phenytoin was shown to form cyclic dimers in 
solution by Sohir (1968). However, the orienta- 
tion of the phenytoin molecules in the dimer is 
not the same as that found in the crystal. There- 
fore, the dimers cannot be incorporated into the 
lattice and their presence effectively reduces the 
supersaturation. If dimerization between ionized 
phenytoin molecules does not occur as readily as 
between unionized molecules a slower growth 
rate at low pH would be expected. 
Buffer capacity 
During crystal growth of a weak acid such as 
phenytoin, incorporation of growth units into the 
lattice could result in a depletion of hydrogen 
ions at the solid/solvent interface. The hydrogen 
ions would be removed by the reaction H+ 
+(DPH)-+ DPH which occurs when ionized 
phenytoin molecules are incorporated into the 
solid. In a buffered solution the change in hydro- 
gen ion concentration is compensated for by a 
shift in the reaction: H,PO, + Hf+ H,PO;. 
However, the buffering capacity of the pH 8.0 
and 8.3 solutions is lower than that of the pH 2.2 
and 7.4 solutions. If the growth rate was suffi- 
ciently rapid to cause a localized depletion of H+, 
a concentration gradient of H+ would exist be- 
tween the crystal surface and the bulk solution. 
Thus, it is possible that the pH at the crystal/ 
solution interface could be greater than that in 
200 
the bulk solution. A higher pH would increase 
the phenytoin solubility at the interface and de- 
crease the supersaturation at that point. This 
would lead to a weaker dependence of growth 
rate on supersaturation and may explain the simi- 
larity between the pH 8.0 and 8.3 results. 
The existence of a localized pH profile at the 
solid/liquid interface has been used to explain 
the observed change in dissolution rates of weak 
acids and weak bases in buffered and unbuffered 
solutions (Mooney et al., 1981a,b; McNamara and 
Amidon, 1986). This effect would be negligible at 
pH 2.2 where phenytoin is completely unionized. 
However, as the pH approaches the pK, of 8.06, 
nearly half of the phenytoin molecules are ion- 
ized and, at pH 8.3, the degree of ionization is 
63%. Thus, while the overall kinetics were not 
influenced by agitation rate, the poor buffering 
capacity of the pH 8.3 solution and the large 
percentage of phenytoin molecules ionized at that 
pH may jointly contribute to the low growth rate. 
Conclusion 
Phenytoin crystal growth is controlled by a 
surface integration mechanism. No dependence 
of growth kinetics on agitation rate was found 
and estimates of the desolvation energy are much 
higher than would be expected for a diffusively 
controlled process. 
The screw dislocation model best describes the 
dependence of phenytoin crystal growth rate on 
supersaturation. A two-dimensional nucleation 
mechanism may also be present at high pH and 
temperature although this is unlikely given the 
high (Y value (i.e., low phenytoin solubility) calcu- 
lated for these conditions. 
The increase in phenytoin growth rate with pH 
(from pH 2.2 to 8.0) is due to the increase in 
solubility with pH. However, a solubility effect 
contradicts the observed similarity between 
growth rates measured at pH 8.0 and 8.3. This 
may be a consequence of the interaction of differ- 
ent buffer species with the growing crystal surface 
or the self-association of phenytoin molecules in 
solution. 
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